Magnetic properties of ultrathin single crystal Fe3O4 film on InAs(100) by ferromagnetic resonance J. Appl. Phys. 111, 07C108 (2012) Ferromagnetic resonance of micro-and nano-sized hexagonal ferrite powders at millimeter waves J. Appl. Phys. 111, 07E113 (2012) Excessive grain boundary conductivity of spin-spray deposited ferrite/non-magnetic multilayer J. Appl. Phys. 111, 07A512 (2012) High ferromagnetic resonance and thermal stability spinel Ni0.7Mn0.3−xCoxFe2O4 ferrite for ultra high frequency devices J. Appl. Phys. 111, 07A516 (2012) A new highly sensitive broadband ferromagnetic resonance measurement system with lock-in detection J. Appl. Phys. 111, 07A503 (2012) Additional information on J. Appl. Phys. The ferromagnetic resonance ͑FMR͒ line shapes of Gd-substituted calcium vanadium garnets Y 1.6Ϫz Ca 1.4 Gd z Fe 4 V 0.4 Zr 0.6 O 12 ͑0.8рzр1.4͒ have been studied as the function of the Gd content. The samples had been synthesized by two different routes, with porosities varying from 0.23% to 8.9%. The FMR linewidth, ⌬H, in low porosity samples is small ͑15-20 Oe͒ and becomes seven to eight times higher in high porosity samples. The linewidth can be explained on the basis of Schloemann's theory of anisotropy and porosity broadening in polycrystalline materials. The line shape is Lorentzian for low porosity and Gaussian for high porosity samples. This variation of the FMR line shape with porosity is explained on the basis of the stochastic theory.
I. INTRODUCTION
The ferromagnetic relaxation in polycrystalline calcium vanadium garnets has been extensively studied by several workers. [1] [2] [3] [4] This study has shown that the large increase in linewidth in polycrystalline garnets compared to single crystals arises due to porosity and random orientation of anisotropy axes within crystallites. The ferromagnetic resonance ͑FMR͒ linewidth, ⌬H, in polycrystalline garnets is then expressed as
where ⌬H int is the intrinsic linewidth, ⌬H a and ⌬H p are line broadening due to anisotropy, and porosity, respectively. The line broadening ⌬H a and ⌬H p are obtained from the spin wave theory. Following this approach, Patton 5 evaluated the different contributions to linewidth in ultralow-loss indium substituted calcium vanadium ͑In-CaV͒ polycrystalline garnets with saturation magnetization, 4M s , of 1000 G and ⌬H of 2 Oe. His analysis indicates that at room temperature ⌬H of 2 Oe is comprised of ⌬H int ϳ0. 4 Oe, ⌬H a ϳ0.2 Oe, ⌬H p ϳ0.9 Oe, and ⌬H imp ϳ0.5 Oe, where ⌬H imp is the contribution from impurity. In principle, ⌬H imp could be reduced by taking higher purity of yttrium oxide.
The spin wave theory was also applied to estimate the anisotropy and porosity contributions in large linewidth materials ͑⌬Hϳ400 Oe͒. It was found that there was good agreement with theory for the anisotropy broadening but not so good for the porosity broadening. 6 Warin et al. 7 have studied the variation of linewidth over a large frequency range ͑0.5-8 GHz͒ and the change in FMR line shape with rf power level. They have concluded that the variation of ⌬H with frequency and rf power cannot be explained on the basis of the existing theories.
For the reasons discussed above, there exists a wide scatter of data on FMR linewidths in polycrystalline samples and line shapes are rarely reported. Iglesias et al. 8 observed asymmetry of the ferromagnetic resonance peak in LiZnTi ferrites and have attributed it to the anisotropy field from the presence of nonstoichiometric divalent ions. Dorsey et al. 9 have shown that though spherical samples of both barium ferrite and yttrium iron garnet ͑YIG͒ have line shapes which are symmetrical, the thin films of these materials have an asymmetrical line shape due to Suhl instability.
In this article, the dependence of FMR line shape on porosity has been studied. A low loss garnet composition for which the anisotropy field is small compared to saturation magnetization (H a Ӷ4M s ) has been chosen. To vary the porosity without affecting the homogeneity we have used two different processing techniques, the conventional ceramic and citrate-gel route. The former has been used to give samples with relatively larger porosity in the range of 2%-9%, while the latter is used to produce samples with small porosity, less than 0.3%. The FMR line for the sample with small porosity is observed to fit to a Lorentzian expression, while the line for the sample with large porosity fits better to a Gaussian expression. This observation has been explained on the basis of the stochastic theory of line shape in magnetic resonance developed by Kubo.
10

II. LINE SHAPE ANALYSIS
In the presence of large anisotropy fields (H a ӷ4M s ) each grain resonates independently, consequently the resonance curve manifests as a broad envelope to individual grain resonances. The linewidth and line shape are then not related to the basic relaxation mechanism and depend largely on the grain size distribution. 11 Contrary to this, the relaxation phenomena for H a Ӷ4M s is well described by the spin wave theory. Classically the line broadening due to anisotropy should be of the order of 2H a . However, Schloemann found that the linewidth is narrowed by dipolar interactions and for spherical samples is given by 12 where p is the porosity. Values of ⌬H a have been obtained from Eq. ͑1͒ using experimental values of ⌬H, p, and 4M s and taking ⌬H int ϳ0.3 Oe. The ⌬H is measured using an electron spin resonance ͑ESR͒ spectrometer with field modulation at rf close to 10 GHz. Spherical samples are placed at the center of a TE 102 rectangular cavity. The external static magnetic field is perpendicular to the rf field and is swept from 0 to 5 kOe, keeping the frequency and the input rf power to cavity constant. The derivative of rf power absorbed by the sample with respect to the static field (dP/dH) is plotted as a function of the steady field. The ratio of the power absorbed by the sample under investigation to the power dissipated by the cavity is given by
⌬H
where Љ is the imaginary part of the complex susceptibility ϭЈϪjЉ of the sample, Q 0 is the unloaded Q of the cavity, and is the fill factor, v s /V. Here v s is the sample volume, V is the cavity volume, and v s ӶV. The magnitude of Љ contains the shape function g(H) and can be obtained from the equation of motion for the magnetization vector.
For the Landau-Lifshitz equation of motion
where
Here Ϯ Љ is the susceptibility for the circular polarization.
The positive sign denotes the rotation of the magnetic rf field in the same sense as the precessional motion of the dipole and so leads to a singularity at HϭH 0 . For FMR at a constant excitation frequency, , as in the present case, the resonance field for a spherical specimen is given by H 0 ϭ/␥. Here ␥ is the gyromagnetic ratio, H is the applied dc field, ⌬H 1/2 is the half width at half power maxima, and g(H) is a normalized Lorentzian curve. The term 2⌬H 1/2 gives the value of ⌬H in Eq. ͑1͒. As stated earlier, the observed FMR line shape, g(H), for small porosity samples fits to a Lorentzian ͓Eq. ͑6͔͒. For high porosity samples, however, it fits better to a Gaussian expression
. ͑8͒
III. THE STOCHASTIC THEORY
The stochastic theory has been successfully used to account for the narrowing of nuclear magnetic resonance ͑NMR͒ lines due to the thermal motion of nuclei. This theory has also been used to explain the exchange narrowing of dipole broadened lines in electron paramagnetic resonance.
In Eq. ͑2͒, the dipolar fields in FMR cause narrowing of the anisotropy linewidth by (H a /4M s ). The analysis of line shape may therefore give information on the relaxation phenomena in ferromagnetic systems which even today are not fully understood. We briefly outline below the shape of the line in magnetic resonance expected on the basis of the stochastic theory. In this, we follow closely the treatment given by Kubo. 10 Consider the precession of a spin in a steady magnetic field, H 0 , on which a random fluctuating field H 1 (t) is superimposed
where the average of the fluctuating field is zero
The spin in the field H(t) precesses with frequency
We wish to evaluate the shape of the resonance line intensity I͑Ϫ 0 ͒ in the presence of the modulation 1 . This is described in terms of two characteristic parameters of the stochastic process, amplitude of modulation ⌬, and correlation time of modulation, c . These are defined below. ͑a͒ If P͑ 1 ͒ denotes the probability distribution of finding the spins with frequency 1 in a large number of independent magnetic spins in the ensemble, the amplitude of modulation, ⌬, is given by
Thus ⌬ is a measure of the magnitude of the modulation.
͑b͒ To define the correlation time of modulation, c , a correlation function is defined by
͑14͒
The correlation time c is now given by
It is shown in Ref. 10 that there exists two limiting cases for which there is a definite form of the line shape. These are fast and slow modulation processes.
͑i͒ Fast modulation ͑⌬• c Ӷ1͒. In this case the product of ⌬ and c is small compared to 1 and the shape of the line is given by a Lorentzian function
But as ⌬• c Ӷ1, we obtain
This
The expression for ⌬H a in Eq. ͑2͒ can be understood on the basis of Eq. ͑16a͒. Without dipole narrowing the spins within randomly oriented crystallites will experience an anisotropy field which will vary from ϩH a to ϪH a around the applied field H 0 . The term ⌬H a is then equal to 2H a . When dipolar narrowing occurs the linewidth is reduced by a factor H a /4M s . The physical reasoning is as follows. Suppose that the local field has a value for a short time c and then changes randomly to ϮH a . As the magnetization vector, M គ , precesses around H 0 , the spin experiences fluctuation in anisotropy energy. This change occurs against the dipolar interaction which aligns the spins along the easy direction. The correlation time c can then be taken as 1/(␥4M s ). The linewidth is thus reduced by
͑ii͒ Slow modulation ͑⌬• c ӷ1͒. In this case the line shape is Gaussian
Here
The linewidth ⌬ 1/2 then is nearly equal to the amplitude of modulation, ⌬.
Occasionally it is found that near the resonance field region the line shape is Lorentzian, while in the wings, it is Gaussian. This is explained 10 on the assumption that the line shape within regions varies as follows:
The present observation that the shape of FMR line for low porosity samples is Lorentzian and for high porosity is Gaussian, is similar to the NMR result on dipolar linewidth in magnetically diluted rigid lattices. If the magnetic moments are distributed at random on lattice points it can be shown 15 that the NMR line shape is Gaussian for concentration f Ͼ0.1 and Lorentzian for f Ͻ0.01. In the present case, for porosity pϽ0.5% the line is Lorentzian and for pϾ5% it is Gaussian. A possible physical explanation is that in a low porosity sample most spins see a weak local fluctuating field which causes narrowing of the line. In this case a major contribution to the line shape comes from spins near the pore which see an effective field H 0 ϩH loc , where H loc ϭH a ϩH p . Here H p is the field due to porosity. For low porosity materials H a dominates over H p and narrowing of the line is given by Eq. ͑17͒.
For high porosity samples H p dominates over H a , as the correlation time is determined by the time dependence of H loc . The field due to porosity can be taken as time independent. H a , however, depends on the angle between the magnetization vector and the easy axis within the crystallite. As the magnetization vector precesses around H 0 ϩH loc , the anisotropy field varies with time. The correlation time is then given by c ϭ1/(␥⌬H a ), where ⌬H a is linewidth due to anisotropy. Hence
From Eq. ͑20͒ it follows that when ⌬H p is large compared to ⌬H a , the line shape is Gaussian. The Lorentzian line shape g(H) in Eq. ͑6͒ follows from the equation of motion of magnetization and agrees with the intensity function I͑Ϫ 0 ͒ in Eq. ͑16͒. However, the Gaussian function ͓Eq. ͑18a͔͒ cannot be obtained from the equation of motion. This could arise due to the dominance of the dipolar field over the anisotropy field.
IV. EXPERIMENTAL RESULTS
We have synthesized Y 1.6Ϫz Ca 1.4 Gd z Fe 4 V 0.4 Zr 0.6 O 12 ͑0.8рzр1.4͒ garnets. For these compositions the value of 4M s at room temperature is in the range of 750-1100 G. Samples were synthesized using conventional ceramic and citrate-gel methods and were coded Cn-(z) or CIT-(z). Here C and CIT denote ceramic and citrate-gel routes, respectively, z denotes the concentration of gadolinium substitution, and n denotes the batch number of the ceramic sample. FMR measurements were performed on a Varian E line century E-112 spectrometer. Samples were spherical in shape ͑diamϳ1.0-1.8 mm͒. The field calibrated resonance absorption spectra were obtained using an XY recorder. Tetra-cyano-ethylene ͑TCNE͒ with gϭ2.002 77 was used to provide the reference g factor. All measurements reported here were made either at 9.07 or 9.50 GHz. The saturation magnetization was measured using an EG&G, PARC, VI-BRATING SAMPLE MAGNETOMETER ͑VSM͒ model no. 4500. The values of porosities and 4M s at room temperature are given in Table I for samples prepared by the citrate-gel route. These samples have FMR linewidths in the range of 15-20 Oe. Samples of the sample composition prepared by ceramic route have ⌬H seven to eight times higher. The FMR line shape of low linewidth sample is Lorentzian and that of high linewidth is Gaussian. The procedure to fit an observed line shape to a Lorentzian is as follows. The experimental points are fitted to a Lorentzian derivative
where from Eqs. ͑4͒, ͑5͒, and ͑6͒
Taking into consideration the gain, G, of the spectrometer
where k is an arbitrary constant. Note that the Lorentzian curve in Eq. ͑6͒ is normalized to unity. We take a trial value of A, H 0 , and ⌬H 1/2 and plot values of dP/dH using Eq. ͑21͒ with H varying at an interval of 2 Oe. This is then compared with the experimental values of dP/dH. The standard root mean square deviation is calculated using
where x n e and x n t are the nth experimental and theoretical points, respectively. Using a computer program A, H 0 , and ⌬H 1/2 are so chosen that ␦ 2 in Eq. ͑24͒ has a minimum value. Table I . This table also includes values of these parameters for zϭ1.0, 1.2, and 1.4 prepared by the citrate-gel route whose fitting for the FMR spectra are similar to Fig. 1 . The g eff by this technique could be measured with an accuracy of 0.05% and ⌬H with an accuracy of 0.5%.
In low loss ferromagnetic specimen, in addition to the main resonance, there also occurs an additional resonance which originates from the coupling of the electromagnetic field to the magnetostatic ͑MS͒ wave mode. In the present case ͑Fig. 1͒, this occurs for MS-͑531͒ mode at a field of 3132 Oe. The index ͑NMR͒ for the magnetostatic mode is based on Walker's notation. 16 This line is also Lorentzian and has ⌬H 1/2 of 6.495 Oe. Its amplitude is one order of magnitude smaller ͑Aϭ1.693ϫ10 3 ͒ compared to the main resonance ͑Aϭ2.243ϫ10 4 ͒. The FMR spectrum of C3Ϫ͑0.8͒ prepared by the ceramic technique is compared with the best fitting to a Lorentzian and a Gaussian curve in Figs. 2͑a͒ and 2͑b͒ , respectively. This sample has a porosity of 8.7% while the sample prepared by citrate-gel route has only 0.23%. The parameters used to fit these two curves are given in Table II. The ␦ value for Gaussian fit is almost 1/3 of the Lorentzian and the experimental points in the wings as well as in the center fit well. For the Lorentzian curve there is a large discrepancy between calculated and experimental values in the wings. The reason is that the C3Ϫ͑0.8͒ sample satisfies the slow modulation criterion while CIT-͑0.8͒ satisfies the fast modulation criterion. For example, for CIT-͑0.8͒, using relation ͑3͒ and the data from For the CIT-͑0.8͒ sample, the porosity contribution to the linewidth, ⌬H p , is small compared to the anisotropy contribution, ⌬H a . In this case, from Eq. ͑17͒, ⌬• c ϭH a /4M s ϭ82.9/1080ϭ0.077Ӷ1. This then satisfies the condition for fast modulation. The line is Lorentzian in agreement with the observation in Fig. 1 .
For C3Ϫ͑0.8͒, ⌬H p is almost five times of ⌬H a . In this case, from Eq. ͑20͒, ⌬• c ϭ␦H p /⌬H a ϭ105.3/21.8ϭ4.8ӷ1 and the line shape is Gaussian. This is in agreement with the result in Fig. 2͑b͒ .
V. CONCLUSION
The FMR line shapes of Gd-substituted calcium vanadium garnets have been examined for samples with small and large porosities. The low porosity sample gives a Lorentzian curve while the high porosity sample gives a Gaussian curve. These observations have been explained on the basis of the stochastic theory of line shape in magnetic resonance. 
